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In the last years, liquid-scintillator detectors have opened a new window for the observation of 
low-energetic astrophysical neutrino sources. In 2007, the solar neutrino experiment Borexino began 
its data-taking in the Gran Sasso underground laboratory. High energy resolution and excellent 
radioactive background conditions in the detector allow the first-time spectroscopic measurement of 
solar neutrinos in the sub-MeV energy regime. The experimental results of the Beryllium-7 neutrino 
flux measurements [6 as well as the prospects for the detection of solar Boron-8, pep and CNO 
neutrinos are presented in the context of the currently discussed ambiguities in solar metallicity. In 
addition, the potential of the future SNO+ and LENA experiments for high-precision solar neutrino 
spectroscopy will be outlined. 



I. INTRODUCTION 

Solar neutrinos offer a unique way to study the fusion 
processes in the center of our Sun. The bulk of the re- 
leased energy, about 98 %, is converted into photons, that 
take about 10 5 years to reach the solar surface. Contrari- 
wise, neutrinos released in solar fusion reactions (Sect.|Tl|) 
leave the Sun unimpeded, taking seconds to arrive at the 
solar surface and minutes for their travel to the Earth. 
This free-streaming is based on the fact that neutrinos 
are only subject to weak nuclear forces, featuring typical 
interaction cross sections of 10 -44 cm 2 . 

The inherently low cross sections pose the main chal- 
lenge to neutrino detection: In solar neutrino experi- 
ments, target masses of several tens or hundreds of tons 
are required to extract a meaningful signal. A variety of 
solar neutri no d etectors has been devised since the late 
1960s (Sect. [TTT| ): While in the early stages only integral 
measurements of the solar neutrino flux were possible, 
state-of-the-art detectors allow for a time and energy- 
resolved measurement. The most recent experiment to 
go into operation is Borexino, a large-volume liquid- 
scintillator detector allowing the real-time detection of 
neutrinos in the sub-MeV range (Sect. IV). 

The main concern of solar neutrino detection was for a 
long time to reveal the particle properties of the neutrino 
themselves. After the establishment of neutrino oscilla- 
tions, experiments are now arriving at a stage at which 
information on the Sun can be extracted from the mea- 
sured neutrino spectrum. Recently, it has been proposed 
that neutrinos could be used as indicators of the metal- 
licity of the solar core, as helioseismological and spectro- 
scopic evidence is incongruent (Sect.JV]). While the avail- 
able neutrino data is for the moment inconclusive, refine- 
ments of the measurements of current experiments might 
improve the situation. Moreover, future experiments like 



the SNO+ and LENA detectors will further improve the 
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precision of the solar neutrino measurement. Sect. VI will 
highlight the range of open questions in particle and solar 
physics that these experiments will be able to answer. 



II. THE SOLAR NEUTRINO SPECTRUM 

The Sun is one of the strongest natural neutrino 
sources on Earth, producing a flux of 6.6 xlO 10 per cm 2 s 
[9] . Neutrinos are generated as a byproduct of the fusion 
processes fueling the solar energy production, mainly by 
the proton-proton (pp) fusion chain, but to a small ex- 
tent (1-2 %) also by the catalytic CNO cycle. The net 
reaction of both processes is 

4p 4 He + 2e + + 2v e + 24.7 MeV. 

Two neutrinos are generated per completed 4 He fusion. 

Inside the pp chain, most of the neutrinos are gener- 
ated in the basic fusion reaction of two protons to one 
deuteron (compare Fig.[T]). These so-called pp neutrinos 
appear at low energies in the solar neutrino spectrum de- 
picted in Fig.[2j the maximum neutrino energy limited to 
420 keV. However, side branches of the pp chain allow for 
the production of neutrinos at higher energies. Depend- 
ing on the reaction kinematics, the resulting neutrinos 
can either be distributed over a broad spectral range (in 
case of a three-particle final state), or are produced at 
fixed energy (if there are only two particles involved). 
The corresponding neutrinos are called after their pro- 
duction reaction; the line energies or spectral endpoint, 
respectively, are listed in Table[l] . 

The competing CNO cycle fulfills the same net reac- 
tion as the pp chain, and as a consequence two neutrinos 
are generated per 4 He fusion. There are several possible 
catalytic processes that are nevertheless all based on the 
addition of protons to a 12 C nucleus: The corresponding 
neutrinos are emitted at medium energies (Fig.|2j Ta- 
ble|l|). 

The predictions for the flux contributions of different 
solar fusion reactions to the neutrino spectrum are based 
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FIG. 1: The basic reactions of the pp chain: In the pp-I chain, 
two protons are fused to a deuteron, releasing a positron and a 
zy e , the so-called pp neutrino. While the pp-II chain produces 
a monoenergetic neutrino by the electron-induced conversion 
of a 7 Be to a 7 Li nucleus, in the pp-III chain high-energetic 
neutrinos are released by the decay of a 8 B nucleus. 



Sun are used as input parameters. For a long time, as- 
tronomical data was self-consistent, while the measured 
electron neutrino rates were a factor 2 to 3 lower than 
the expected values. As will be described in Sect. |III[ 
this inconsistency was finally resolved by the discovery 
of neutrino oscillations that are responsible for the ob- 
served deficit. 

Currently, there are two different predictions for the 
observable solar neutrino flux that are based on the defer- 
ring values for solar metallicity derived from optical spec- 
troscopy and helioseismology (Sect.JV]) [22]. The fluxes 
are presented in TableJIJ including the theoretical uncer- 
tainties. The question whether a precision measurement 
of solar neutrino fluxes might resolve this ambiguity will 
be discussed in Sect.lVl 



TABLE I: Energy and predicted flux for the solar neutrinos 
produced along the pp chain and the CNO cycle. The fluxes 
are derived assuming high (GS) and low (AGS) solar metal- 
licity. Relative uncertainties are given in brackets. The last 
column shows the relative difference A in flux predictions. 



The fluxes are presented in units of 10 10 (pp), 
(pep, 13 N, 15 0), 10 6 ( 8 B, 17 F), 10 3 (hep) cm" 
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Source 


Energy 
[MeV] 


Neutrino Flux [see caption] 
BPS08(GS) BPS08(AGS) A 


PP 


<0.420 


5.97 (0.6%) 


6.04 (0.5%) 


1.2% 


pep 


1.442 


1.41 (1.1%) 


1.45 (1.0%) 


2.8% 


hep 


<18.773 


7.90 (15%) 


8.22 (15%) 


4.1% 


7 Be 


0.862 


5.07 (6%) 


4.57 (6%) 


10% 


8 B 


<14.6 


5.94 (11%) 


4.72 (11%) 


21% 


13 N 

15q 

17 F 


< 1.199 2.88 (15%) 

< 1.732 2.15 tUl) 

< 1.740 5.82 (tf 7 %) 


1-89 (t\tl) 
1-34 t\H) 
3-25 t\H) 


34% 
31% 
44% 
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FIG. 2: The solar neutrino spectrum. While pp-z/s are the 
dominant contribution to the spectrum at low energies, the 
spectrum of 8 B-z/s reaches a maximum energy of 15 MeV. 7 Be 
and pep-z/s are monoenergetic and contribute as lines to the 
spectrum. Also shown are the two dominant neutrino fluxes 
produced by the CNO cycles [9]. 



on the Standard Solar Model (SSM) [9 . The results from 
spectroscopic and helioseismological observations of the 



III. PAST AND PRESENT EXPERIMENTS 

In 1968, the Homestake "Chlorine" experiment was the 
first to measure the neutrinos originating from solar fu- 
sion processes, an achievement for which Ray Davis was 
awarded the Nobel Prize in 2002 [? ]. It was the first of 
a series of experiments that relied on a neutrino-induced 
conversion of single nuclei of the element making up the 
target: In the case of the Homestake experiment, the 
reaction 
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was taking place in a target volume of 615 1 of liquid 
tetrachlorethylene. The minimum neutrino energy re- 
quired for the conversion is 814 keV, excluding pp-z/s 
from the reaction. Every month, the produced Argon 
was removed from the target and measured by its re- 
decay to Chlorine. The corresponding neutrino flux was 
about a factor of 3 smaller than the SSM suggested [12] . 

Two follow-up experiments, the European GALLEX 
experiment (later GNO) [5j [17] and the Russian- 
American SAGE experiment [T] were based on a similar 
reaction on Gallium and provided an energy threshold 
low enough to include also the pp neutrinos in the mea- 
surement. Again, the measured rate was about half the 
expectation [5]. 

These radiochemical experiments had in common that 
they performed only an integral measurement of the so- 
lar neutrino flux, both in time and energy, as the cal- 
culated solar neutrino rate is based on counting the 
overall number of converted nuclei in between two ex- 
tractions. Opposed to that, since the early 1980's the 
Japanese Kamiokande and later on Super-Kamiokande 
experiments were able to detect neutrinos on an event-by- 
event basis [14J [23] : This realtime detectors used the elas- 
tic neutrino-electron scattering as detection reaction in a 
huge water tank. Photomultipliers mounted to the tank 
walls registered the Cherenkov light emitted by the re- 
coil electrons, allowing an energy and direction-resolved 
measurement: The amount of light is proportional to 
the electron energy, while the light is emitted in a cone 
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centered on the electron trajectory, very much like a su- 
personic Mach-cone. As electron and incident neutrino 
direction are closely correlated, the neutrino events could 
be clearly identified by their tracks pointing back towards 
the Sun. The measured rate was considerably lower than 
the predicted one [T4] . 

By the time the Super-Kamiokande solar data was re- 
leased, there were already hints from atmospheric neu- 
trino observation that the observed deficit in solar neu- 
trino rates was not due to an incomplete understanding 
of solar neutrino production but to an intrinsic property 
of the particles themselves [15] : In the Standard Model of 
particle physics, every charged lepton, electron e, muon 
/i, and tauon r, is accompanied by its own neutrino via 
weak interactions. The three kinds or "flavors" of neu- 
trinos (z/ e , v ^ , v T ) were thought to be massless particles 
well separated from each other. However, the new re- 
sults pointed towards the possibility that the neutrinos 
had the ability to periodically change flavor and to con- 
vert into each other, a phenomenon described as neutrino 
oscillations (e.g. [19]). 

Up to this point, all solar neutrino experiments had 
been exclusively or primarily sensitive to electron neu- 
trinos. Oscillations could therefore explain the deficit in 
the observed event rates. The final proof was obtained in 
2002, when two experiments independently confirmed the 
oscillation hypothesis: The Sudbury Neutrino Observa- 
tory (SNO), a water-Cherenkov detector based on heavy 
water, was able to measure the overall solar neutrino flux 
by interactions on deuterons, independent of the neutrino 
flavor. The sum result corresponded to the SSM predic- 
tion [3]. At the same time, the liquid-scintillator detector 
KamLAND discovered the disappearance of electron an- 
tineutrinos emitted by the reactors of Japanese nuclear 
power plants: The observed energy dependence perfectly 
matched the predictions from oscillation theory [T3] . 



IV. THE BOREXINO EXPERIMENT 

With the establishment of neutrino oscillations, so- 
lar neutrino observation returns to the original objec- 
tive of determining the rates at which different neutrino- 
producing fusion reactions occur in the solar core. The 
detection of solar neutrinos by the Homestake experi- 
ment proved that the Sun's energy production is fueled 
by thermonuclear fusion. Now, measuring the relative 
rates of different fusion processes by their produced neu- 
trino flux will allow to determine solar parameters that 
influence the fusion rate. 

A spectral measurement is mandatory in order to dis- 
entangle the contributions of different reactions to the 
overall neutrino flux. Of the experiments presented in 



Sect. Ill , merely water-Cherenkov detectors are able to 
provide a spectral measurement of solar neutrinos. How- 
ever, their sensitivity is limited to the energy range above 
5MeV, in which only 8 B and hep neutrinos contribute. 
Below this threshold, only the integral data of radiochem- 



ical experiments was available. 

The situation changed in 2007, when the liquid- 
scintillator experiment Borexino came into operation [4] . 
As all preceding solar neutrino detectors, it is located at 
an underground laboratory, in this case the Gran Sasso 
National Laboratories (LNGS), to shield the detector 
from the background of cosmic rays. The rock overbur- 
den corresponds to about 3 500 meters water equivalent 
(mwe), and only cosmic muons (and, of course, neutri- 
nos) are able to penetrate this barrier; however, the muon 
flux is reduced by six orders of magnitude compared to 
surface level. 

Like in water Cherenkov detectors, neutrinos are de- 
tected via the elastic scattering on electrons in the target 
volume. The recoil electrons excite the molecules of the 
organic scintillator solvent, which in turn de-excitate and 
emit light. The photons travel through the scintillation 
volume and are registered by photosensors (photomul- 
tiplier tubes, PMTs) that are mounted to the detector 
walls. The light output of a typical liquid scintillator is 
about 50 times greater than that of the Cherenkov effect 
in water, leading to both an increase in the energy reso- 
lution and a significantly lower detection threshold. This 
allows for the first time a spectroscopic measurement of 
solar neutrinos in the sub-MeV region. 

A major obstacle for neutrino detection is the back- 
ground generated by radioisotopes dissolved in the liq- 
uid scintillator and by penetrating radiation from outside 
the detection volume, primarily gamma rays and cosmic 
muons. Therefore, the Borexino detector is structured in 
several concentric shielding layers of increasing radiopu- 
rity towards the central detection volume that consists of 
about 300 tons of liquid scintillator (Fig.[3| [4 . Purifica- 
tion, mainly distillation, reduced the level of radioactive 
impurities in the organic liquid to 10 _18 g/g in Uranium 
and Thorium, which is about 12 orders of magnitude less 
than the natural abundance. The target is contained in a 
125 um thick nylon sphere of 4.25 m radius, the Inner Ves- 
sel. It floats in about 1000 tons of inactive organic buffer 
liquid which are in turn contained in a stainless steel 
sphere of 6.85 m radius, to which the 2212 inward-facing 
PMTs are mounted. This Inner Detector is surrounded 
by an external water tank contained in a steel dome of 9 m 
radius. This Outer Detector provides additional shield- 
ing from external radioactivity and is equipped with 208 
PMTs to identify cosmic muons crossing the detector by 
their Cherenkov light. This active muon veto is neces- 
sary to reject muons and muon-induced events from the 
neutrino analysis. 

In 2008, the Borexino collaboration released data on 
the first flux measurement of solar 7 Be neutrinos [6] [7] . 
Fig. [4] shows the electron recoil spectrum from about 0.2 
to 2MeV, based on 192 live days of the detector. Spa- 
cial reconstruction of the events allows to restrict the 
analysis to the innermost 100 tons of the target; this 
fiducial- volume cut removes most of the background sig- 
nals induced by the decay of radioactive isotopes on the 
vessel surface and the gamma rays of 40 K contaminating 
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FIG. 3: Schematic view of the Borexino detector. 

the PMT glass of the PMTs. The information of the ex- 
ternal veto is used to reject muon events. Coincidence 
signals from fast decays in the U/Th decay chains are 
exploited to identify further events from radioimpurities 
in the liquid. Finally, pulse-shape discrimination allows 
to remove an otherwise prominent peak caused by the a 
decay of 210 Po at a visible energy of about 500 keV in the 
spectrum. 
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FIG. 4: The electron recoil spectrum below 2 MeV based on 
192 live days of Borexino data [6]: The black dots represent 
the data points, colored lines indicate the fit to the data. 
Both the spectra of neutrino-induced electron recoils and ra- 
dioactive sources of background are included. The individual 
contributions are discussed in the text. 

Due to the application of these cuts, the Compton- 
like shoulder of electron recoil events caused by 7 Be-^'s 
becomes visible at about 660 keV in the spectrum. Su- 
perimposed are two residual sources of background: The 
f3 decays of 85 Kr and 210 Bi cannot be discriminated by 
their pulse shape, but separated from the neutrino signal 
due to their known spectral shape. The 7 Be-z/ event rate 
obtained by a spectral fit to the data is 49±3( s ^ at )±4( s?ys£ ) 
counts per day and 100 tons, corresponding to about 58 % 



TABLE II: Results of the direct measurements of solar neu- 
trino experiments [2]? ] , compared to the two SSM predictions 
based on different values of solar metallicity: BPS08(GS) cor- 
responds to high metallicity, BPS08(AGS) to the novel low 
metallicity values [22]. Values in brackets correspond to the 
relative la uncertainties. While the 7 Be result seems to give a 
slight indication for BPS08(GS), the measured 8 B-v flux lies 
between the predicted values. 

Source Neutrino Flux [ y Be: 10 9 /cm 2 s, *B: 10 e /cm^s] 

Experiment BPS08(GS) BPS08(AGS) 
^Be" 5.18(10%) 5.07(6%) 4.57 (6%) 
8 B 5.54(9%) 5.94(11%) 4.72(11%) 



of the value expected from the SSM without taking neu- 
trino oscillations into account. Correcting for the ex- 
pected conversion of v e into ^ jT , the corresponding total 
7 Be-^ flux is $( 7 Be) = (5.18 ±0.51) x 10 9 cm- 2 s- 1 [6]. 



V. SOLAR NEUTRINOS AND SOLAR 
METALLICITY 

In recent years, a novel analysis of the solar abun- 
dances of heavy elements, i. e. the solar metallicity, has 
introduced inconsistencies in the astrophysical under- 
standing of the Sun: Based on a refined modeling of the 
shape of the absorption lines in the solar electromagnetic 
spectrum, Asplund, Grevesse & Sauval re-determined 
the metallicity of the solar surface to considerably lower 
values compared to previous analyses [8 j. Where for- 
merly had been an excellent agreement, the new re- 
sults are dramatically in conflict with helioseismologi- 
cal measurements. An analysis of low-degree acoustic 
oscillations of the Sun with BISON (Birmingham Solar- 
Oscillations Network) suggests that the discrepancy is 
not only present in the convective zone close to the solar 
surface but extends also to the solar core, and there- 
fore in the production region of solar neutrinos [10]. As 
fusion rates depend on the metallicity, an accurate mea- 
surement of the corresponding neutrino fluxes might be 
used to determine the chemical composition of the solar 
core region. 

The current status is presented in Tablepl} Up to now, 
merely the fluxes of 7 Be-z/s and 8 B-z/s were directly de- 
termined by liquid-scintillator and water Cherenkov de- 
tectors, respectively [2[|6]. For comparison, the neutrino 
flux predictions based on the most recent SSM calcula- 
tions are presented in which the solar metallicity enters 
as input parameter: The column BPS08(GS) denotes the 
fluxes corresponding to the older high values for metal- 
licity, while BPS08(AGS) corresponds to the lower values 
of the new analysis [22] . Values in brackets represent the 
relative uncertainties (lcr). 

Neither the accuracies of the experimental results nor 
of the SSM predictions are for the moment sufficient to 
allow a definite conclusion. While the Borexino result 
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for the 7 Be-u flux slightly favors the higher metallicity 
values, the 8 B result lies between the two SSM predic- 
tions. However, improvement is expected on both sides: 
An analysis of the error budgets of the SSM neutrino 
fluxes reveals that especially the precision on the 8 B- 
v flux could be increased by a more accurate determi- 
nation of the solar iron and carbon abundances and of 
the nuclear cross section 61,14. At the same time, this 
would greatly decrease the uncertainty for the CNO-z^ 
flux. The impact on the currently best-determined 7 Be- 
v flux would be low [22] . 

From the experimental side, no large improvement is 
expected for the 8 B-z^ flux measurements in present de- 
tectors. While the SNO experiment was terminated, 
Super-Kamiokande results are for the moment dominated 
by systematical uncertainties [14 . Nevertheless, a new 
analysis of the third phase of the experiment from Aug 
2006 to Aug 2008 aims on reducing the systematic effects 

The present uncertainty of the 7 Be-v flux as deter- 
mined in Borexino is about 12% [6 j. A new analysis 
based on a considerably larger data set is planned for 
2010. Moreover, a calibration campaign using radioac- 
tive sources placed inside the detection volume was con- 
ducted in early 2009. The results will be used to decrease 
the systematic uncertainties introduced by the detector 
response function, i. e. mainly the energy calibration, and 
by the position reconstruction. The latter is necessary to 
precisely determine the target mass used for analysis. An 
overall precision of better than 5 % on the flux measure- 
ment is envisaged. 

Borexino might also contribute in a further way: In the 
2008 analysis shown in Fig.[4j the radioactive background 
210 Bi and the spectral contribution of the CNO-^'s is 
fitted by the same function [6]. This simplification is 
valid in the range of the 7 Be-^ shoulder at 660 keV where 
the spectral differences are small. However, the endpoint 
of the 210 Bi ^-decay is at 1.16 MeV, while the spectra 
of some of the CNO-^'s reach up to 1.7 MeV. Also the 
Compton-like shoulder caused by the monoenergetic pep- 
z/s should show up in this regime of the electron recoil 
spectrum. Unfortunately, the background created by 11 C 
(3 + decays dominates the neutrino signal between 1 and 
2 MeV by about an order of magnitude. 

Currently, efforts are made to suppress this back- 
ground using the signature of the production mechanism: 
11 C is a cosmogenic isotope created by cosmic muons 
crossing the target volume, knocking out a single neu- 
tron from a 12 C nucleus present in the organic liquid. 
The most promising approach is a veto using both the 
spatial and time information of the parent muon track, 
the capture of the knock-out neutron on a Hydrogen nu- 
cleus that is visible in liquid-scintillator, and the decay 
of the 11 C nucleus itself [16]. At the moment, both im- 
provements in the reconstruction software as well as in 
the DAQ hardware are on-going to reach the rejection 
efficiency of about 90 to 95 % that is required to resolve 
the spectral contributions of residual 11 C background, 



CNO-z/s and pep-z/s. 



VI. POTENTIAL OF FUTURE EXPERIMENTS 

Even if the level of cosmogenic background in Borex- 
ino proves to be too large for an actual measurement 
of the CNO and pep neutrino fluxes, the best limits 
on their spectral contributions will significantly be im- 
proved. However, the currently upcoming SNO+ experi- 
ment will be in a much better position to measure these 
contributions: Based on the setup of the terminated SNO 
experiment, the acrylic vessel formerly holding the heavy 
water target will be refilled with liquid scintillator. The 
resulting target mass will be three times larger than in 
Borexino. More importantly, SNO+ will be located at a 
depth corresponding to 6000 mwe in the Creighton Mine 
at Sudbury, the additional shielding reducing the residual 
muon flux by about 2 orders of magnitude compared to 
the Borexino site. Therefore, the background of cosmo- 
genic 11 C will play a minor role in SNO+, the achievable 
accuracy mainly depending on the radiopurity of the liq- 
uid scintillator and the detector materials. 



Cavern 

height: 115 m, diameter: 50 m 
shielding from cosmic rays: -4,000 m.w 



Muon Veto 

plastic scintillator panels (on top) 
Water Cherenkov Detector 
1,500 phototubes 
100 kt of water 
reduction of fast 
neutron background 

Steel Cylinder 

height: 100 m, diameter: 30 m 
70 kt of organic liquid 
13,500 phototubes 

Buffer 



thickness: 2 m 

non-scintillating organic liquid 
shielding external radioactivity 




Nylon Vessel 

parting buffer liquid 
from liquid scintillator 

Target Volume 

height: 100 m, diameter: 26 m 
50 kt of liquid scintillator 



FIG. 5: Envisaged layout of the LENA detector. 

Further in the future, the LENA (Low Energy Neu- 
trino Astronomy) experiment is planned to go into op- 
eration in 2020 [21 . A schematic of the setup is shown 
in Fig. [5] With a target of 50 kilotons of liquid scintil- 
lator, LENA will be an observatory for a variety of ter- 
restrial and astrophysical neutrino sources: About 15000 
neutrino events are expected in case of a core-collapse 
Supernova (SN) at the center of our galaxy, giving in- 
sights into the nuclear processes leading to the collapse 
of the stellar core region and the subsequent neutrino 
cooling of the proto-neutron star [25 . Even in the ab- 
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sence of a galactic SN, the faint neutrino flux generated 
by extra-galactic SNe offers a possibility to obtain in- 
formation both on the star formation rate and the SN 
neutrino spectrum. While the event rates caused by this 
diffuse SN neutrino background are too low to be discov- 
ered in present-day detectors, the sensitivity of LENA 
will be sufficient to identify about 10 events per year 
[24] . Also the chemical composition and heat produc- 
tion of our own planet can be investigated by a precision 
measurement of geoneutrinos [18 : These neutrinos are 
produced by the radioactive elements of the natural Ura- 
nium and Thorium decay chains that are embedded in 
the Earth's crust and mantle. 

Regarding the spectroscopy of solar neutrinos, a new 
era of precision measurements will begin: Based on 
a fiducial volume of 20 kt, rates of several hundred 
events per day are expected for CNO, pep and 8 B z/s in 
LENA, allowing a precise determination of their relative 
contributions to the solar neutrino spectrum [25 . As 
LENA will be placed at greater depth than Borexino 
(albeit not as deep as SNO+), cosmogenic background 
levels will be significantly lower. Most remarkable is 
probably the daily rate of 10 000 7 Be-^ events per day: 
These statistics would allow to search for modulations in 
the neutrino flux on a per mill level. Such modulations 
could be induced by the interaction of the propagating 
neutrinos with solar or terrestrial matter [TT], or by 
periodical changes in the neutrino production rate itself. 
The range of interest reaches from periods of tens of 
minutes typical for helioseismic g-modes to the scale of 
decades correlated to the solar cycle [20] . 



VII. CONCLUSIONS 

In the last 20 years, the spectroscopy of solar neutrinos 
has greatly enhanced our knowledge of neutrino particle 
parameters, but has also confirmed the elaborate models 
describing the solar energy production by fusion in the 
pp-chain and the CNO cycle. While the currently avail- 
able data on solar neutrino fluxes is not accurate enough 
to resolve the conflict in the determination of solar metal- 
licity, a considerable improvement in the near future can 
be expected. 

Up to now, only 7 Be and 8 B neutrino fluxes have 
spectroscopically been measured. However, there is a 
good chance that the contributions of pep and CNO 
neutrinos will be discovered either in the currently 
running Borexino detector or in the upcoming SNO+ 
experiment. In 10 years from now, a large liquid- 
scintillator based neutrino observatory like LENA might 
allow precision measurements of the solar neutrino 
spectrum, possibly revealing time variations in the solar 
energy production. For sure, the next years will deepen 
both our understanding of neutrinos as well as of their 
sources. 
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